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SUMMARY

Threedifferenttypesofpressureindicatorsdevelopedatthe
MassachusettsInstituteofTechnolo~srediscussedinthepresentpaper.
Eachoftheseindicators”hasa uniquefeature,butallaredesignedwith
anattemptto ccxnbinebothhigh-frequencyresponseandhighresolving
powerintooneinstrument.

Ofthemechanical-electrical-transduc~typeofpressureindicator,
the@e straingageleadsinsimplicity.Thecapacitancetypeismore
versatilebecauseitpermitstheuseofveryhighfrequencycarrier
systemsandtherebycutsdowntheeffectiveinterferenceintheelectronic
system. Thesystautilizingthestretchingofa barium-titanatedisk
produceslargesignals@ resultsincompactdesign,butitcanonlybe
usedfordynamicmeasurementswhentemp-aturevariationsareslight.

Fivedifferenttypesofpressurereceivers,thecylinder,flat- -
diaphragm,spherical-diaphragn,catenary-diaphragm,andstretched-
diaphraguormembranetypes,weretested.Thefla.t-diaphragntypeleads
theothersinsimplici@,thespherical-diaphragmme exceedsindynsmic
performance,andthecatenary-diaphragntypeistheoneleastaffected
by temperaturechange.

Thepressureindicatorsaredynamicallycalibratedbymeansofa
shocktube.

INTRODUCTION

An importantaspectofaerodynamicresesrchisthedeterminationof
thegaspressurenesrthesurfaceofan objecth a flowingstream.Most
oftenthepressuretobe determinedisofa staticnatureanditsmess-
urementcanbe doneeasilyby pressuretapsandmanometersor similsr
instruments.However,theresrenumerousinstanceswherethepressure
tobe determinedishighlyoscillatorybecauseofdisturbancesinthe
streamor oscillatorymotionofthebodyuponwhichthepressureis
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measured.Examplesofthese
compressorbladesandinthe

NACATN

arefoundh theoperationofturbine
phenomenonofflutterairfoils.When

3d12

or
the

yressureofthestresmishighlyoscillato~itsmeasurementbecomes
morecanplicatedsada simplepitot-tubetypeofarrangementisno longer
adequatebecausetheresponseofthistie ofinstrumentisingeneral
tooslowto giveanaccuratehstantaneousaccountofrapidlychanging
pressure.To gethighresponsespeeda pressureindicatorutiliztiga
systemtoproducean electricaloutputsignalisgenerallyused. But
evenwithan electricaloutputsignal,whichhastheadvantageofbeing

.

susceptibletoamplificationwithpracticallyno lossinresponsespeed,
thereisa certainlimitationinfrequencyrangeforeachtypeof configu-
ration.Furthermore,thislhitationinfrequencyresponseisusually
ldw~edfora certaindesignwhentheinstrumentisrequiredto givea
highresol* power.Designforindicatorswithbothhigh-frequency
responseandhighresolvbgpowerisdiscussedinthispaper.Some
previousinvestigationsofthisaspectofaerodynamicresearcharedis-
cussedin reference1.

Inadditionto anadequateresponsespeedandan acceptableresolving
powerthepressureindicatorwhichissuitableforaerodynmnicresearch
mustalsoincorporatethefollowtngconsiderations:

(1)

(2)

(3)
(4)

(5)

Over-allsizesmallenoughtobemountedonthestructural.
memberofthetestbody

u
Dismet-ofpressurereceiversmallerthanthehalfwavelength
ofthepressurewave

Insensitiviwtovibrationeffects

Insensitive@to entionmentaltemp=aturechange

Adequatestrengthtowithstandthepossibleapplicationofa
certainmaximumpressurewithoutrupture

Thereisno singleinstrmentwhichcanembodyallthereqxbxments .
forvarioustypesofapplications.A practicaldesignmustconcentrate
onthefUIJ?ilhnentofoneortworequirementsandsacrificesaneother
criteria.Forinstance,laonecasetheover-alldimensionsmaybe the
criticalconsiderationwhileinanoth=caseexceptionalhigh-frequency
responsemaybe thedeterminingcriterion.Inthepresentpaperthree
differenttypesofpressureindicatorsdevelopedintheInstrument
LaboratoriesoftheMassachusettsInstituteofTechnolo~arediscussed.
Eachoftheseindicatorshasa certainuniquefeaturebutallme designed
withanattanptto combtiebothhigh-frequencyresponseandhighresolving
powerintooneinstrument. G

d
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ThisinvestigationwasconductedattheMassachusettsInstituteof
Technolowandwasfinancedinpartby theNationalAdvisoryCmmittee
forAeronautics.

SYMBOLS

A

a.

b

%

Cv

E

e

h

K

L

2

m

‘e

meq

P

Pi
Y

Po

effectiveareaofpressurereceiver

speedof soundinundisturbedgas

widthofdiaphra~(seetableI)

specificheatat constantpressure

specificheatat constantvolume

modulusofelastici~

amplitudeofdynamicerrorh deflectionofpressurereceiv~
dividedby correspondingstaticdeflection

thicknessofreceiv~

elasticconstantofpressurereceiver

len@h ofcompressionchsmb~

lengthofstraintube

totalmassofreceiver

effectivemassofreceiver

equivalentmass

orderinteg~softransientpeaks

resolvingpower

interferenceequivalentpressure.

expansion-chamberpressure

i

.
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PI originalshock-wavepressure

P2 pressureinhigh-pressurechamber

P3 reflected-wavepressure

s sensitivityofpressurereceiver

Tr transientpeak

‘n,nr transientpeakratio

%3 t- intervalofreflectedshockatpressurep3

u independentvariable

v dependentvariable

Y depthof sphericaldiaphraq

9 frequencyratio

@ = q))%

Mb = %b/%

7 /
=Cpcv

6 deflectionofpressurereceiverduetovibration

t5i inteflerencedisplacanentofpressurereceiver

E tensionperunitlength

I damp~ ratio

q = (7+ 1)/(7- 1)

A speedofsoundinreceivermaterial

P amplituderatio

E pressureratioofnormalShock,Po/Pi

E.’ pressureratioofreflectedshock,Pi/q

..,,

c,

,;madmumallowablestress
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T low-dsmping-ratiocharacteristict~

v -c responseangle

% naturalumlampedfrequencyofpressurereceiv~

%
frequencyofpressurefluctuation

%b frequencyofvibration

Subscripts:

c pertainsto compressionchamb~

e pertainsto expansionchamber

DESIGNPRINCIHESFORPRESSURERECEIVERS

5

Rressureindicatorssuitableforhigh-frequencyap@icationsinvari-
ablyutilizea mechanicalpressurereceiverasthebasicmeasuringele-
ment. Theessentialfunctionsofthisreceiv=aretoprovidea sealand
an elasticrestraint.Thepressureactingovertheaxeaofthesealpro-
ducesanactuatingforce.Thecorrespondhgelasticdeflectionisthe
usefuloutputofthepressurereceiv=. Conversionofthedeflection
to an electricalsip isa convenientmeansforyoducingan indication
sincesucha signalmaybe readilyamplified.Alsoelectricalmeasure-
mentsarewellsuitedforhigh-frequencyoperation.Infact,‘whenelec-
tricaldeflectionmeasurementisemployed,thedynsmicsofthepressure
receivadeterminetheupperfrequencyrangeofthepressureindicator.

A mechanicalpressurereceiverischsract=izedby itssensitivity
andItsnaturalmodesofvibration.Thesensitivityisdefinedasthe
ratioofthedeflectionofthereceivmtothecorrespondingapplied
pressure.IdealJy,thissensitivityisconstsmtOV= theentirepressure
rangeandanyentionmentaloperatingcondition.Itsminimumvalueis
establishedby therequirementthattheindicatorresolveclearlysome
specifiedthresholdpressurechange.Thecharact=isticsofthetrans-
ducer,amplifier,andtidicatmaswellas considerationof interference
effectsareallinvolvedinthisdetermination.As forthenaturalmodes
ofvibration,thefundamentalorlowesttiequencymodeismosthportant.
ThisnaturalfrequencylhitsthefYequencyrangeoverwhichpressure
measurementscanbemadewithoutintroducingobjectionabledymsmicerror.
Further,ifthepressurereceiverissubjectedtomechanicalvibration
asan interferinginput,undesirablespurioussignalsareproduced,which
increasewiththevibrationfrequencywhenthisfrequencyislessthan
thenaturalfrequency.Becauseof theseeffects,thenaturalfrequency
ofthepressurereceivermustbe considerablyhigherthanboththe
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highestfrequencypressurefluctuationbeingmeasuredandthehighest
mechanical-vibrationfrequenty whichispresent.

Whenthepressure-fluctuationfrequencyortibrationfrequencyis

error
in comparisonwiththereceivernatural
associatedwithpressurefluctuations

‘=%2

frequency,thedynsmic

andfortheinterf=ingeffectofmechanicalvibration

(1)

(2)

where

e smplitudeofdynamicerrorindeflectionofpressurereceiver
dividedby correspondingstaticdeflection

6 deflectionofpressurereceiv=duetovibration

%b amplitudeofmechanicalvibration d’

Bp frequencyofpressurefluctuationdividdby naturalundsmped
frequencyofpressurereceiver,%/an

~~b frequencyofvibrationdividedby naturalundampedfrequency
ofpressurereceiv=, ~b/~

Forpracticalpurposes,a pressurereceivermaybe representedby a
mechanicalsystemhawinga certainelasticcoefficientandequivalent
mass,theratioofwhichdeterminestheundampedcircularnaturalfrequency:

The
receiver

%2=~
elasticconstantandtheeffectivearea A ofthepressure
determinethesensitivi~

~=$ .

LJ
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Thus,thenaturalfrequencymaybewritten

%2’&

Equation(3) showsthatthenaturalfrequencycanbe
decreasingthesensitiviwortheeffectivemassp= unit
receiver.

7

(3)

increasedby
areaofthe

Increaseofnaturalfrequencyby reductioninsensitivityisaccom-
paniedby a reductioninresolvingpoweroftheindicator.Resolving
powerisdefinedasthereciprocalofthesmallestpressurechangedetecta-
bleby theindicator.Resolvingpowerisdeterminedwithregardtothe
levelsofvariousinterferinginputswhichmayappearatthepressure
receivm,transducer,andamplifier.Theeffectsof suchinterfering
inputsmaybe compared~ theyareallreferredbacktoan equivalent
pressureatthepressurereceiver.Generallyspeaking,thistitaference
equivalentpre6suremaynotbe great=thsathedesiredsmallestmeas-
urablepressurechange.ThuE,itisreasonableandconvenientto eqyate
thesequantitiesinordertoarriveata usefuldesi~ criterion.Foran
interferencedisplacaentofthepressurereceiver,designatedby bi,
thecorrespondingtiterferenceequivalentpressurepi willbe 5i/S.
Theresolvingpoweristhen

1P=—=&
Pi bi

If equations(l),(3), and(k) arecombined,theresultis

(4)

meq= -e (5)
A

Iftheinterferencedisplacaentis
equation(5) beccmes

mq 1
—— =
A %2

8 p#P

causedby pressure-receivervibration,

e
2

‘tivib%2 ~
(6)

Equations(5) md (6) arearrangedto
levelanda givenpressurefrequency,

showthatfora giveninterference
themassperunitareaisdetermined
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by thedesiredresolvingpwer andthetol.srabledynsmicerror.Thus
,.

themassperunitareaofthepressurereceiv-isa basiccriterionfor
designpurposes.Theimportanceofthisdesignparameterbecmnescont-
rollingathighfrequencies.As an example,assumethata flatsteel
diaphragnindicatorisrequiredtoresolvea pressureof0.1poundper
sqyareinchata frequencyof10,~0 cyclespersecondwithanallowable
-c -or of20percenth thepresenceof interfwenceswhichcause
a diaphragpdeflectionof0.0001inch. S@mtitutionoftheseWues h
equation(~)givesmassperunitareacorrespondingto0.0001inchfora
resultingdiaphragmthickness,an impracticallythindiaphra@nforserv~
iceuse. Clearly,effortstowardimprovinghigh-tiequencyperformance
mustincludeminhizationofthemassperunitareaof thepressure
receiverconsistentwithmanufactur~andserviceflexibil.i~.Such
effortsmustalsoincludeminimizationof interferenceeffects.Schemes
foraccomplishingthissrediscussedbelowh connectionwithactual
indicatordesigns.

Theforego- analysisbecomesinaccuratewhen BP or ~~b is

greater than 0.2 or 0.3. Accordingly,fortheseresultsto apply,pres-
surefrequenciesmustbewellbelowthereceivernaturalfrequency.Fur-
therinconnectionwithvibrationinterference,as sh~ inequation(6)j
highernaturalfrequencymakespossiblehighermassperunitsxeaforthe
sameresolvingpoweranddynamic-errortolen?ace,althoughitshouldnot
be inferredthatnaturalfrequencyandmassperunitareaareunrelated.
Thusnaturalfrequencyinadditiontomassperunitareaplaysa critical ‘
roleinthehigh-frequencyperformanceofpressurereceivers.

CHARACTERISTICSOFFIVETYPESOFPRESSURERECEIVERS

TableI liststhecharacteristicsoffivedifferenttypesofpressure
receiv=swhichmaybe usedforhigh-frequencymeasurements.Includedin
thelistingarenaturalfrequency,sensitivi~,ratioofeffectivemassto
truemass,andmaxhunallowablepressure.Theratioofeffectivemassto
truemassisthatflractionofthetotaldiaphra~masswhichiseffective
indeterminingthenaturalfrequency.ThequantitieslistedintableI
arenonMnensionalizedinorderto facilitateme compsrisom.

Thecylindricaltypeofpressurereceiv=isnotsuitableforhigh-
fregyencypressuremeasurementsingasesbecauseitintroducesanacous-
ticalcavitywhichcausesadditionaldynsmicerror.It isotherwiseade-
quateandisticludedh thetable.

OfW typesofpressurereceivers,theflat-diaphragntypeisthe
mostsimpleandmosteasilyadaptedforflushmounting.Increasingthe *
diaphragmthiclmessticreasesthenaturalfrequencybutunfortunately
alsoincreasestheparameterofmassperunitarea. Forthisreasona
flatdiaphrqgnusedforhigh-frequencyapplicationsisMnitedinresolving

IV

power.
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Thethtidtypeofpressurereceiv=consistsofa diaphra~which
isa sectionofa sphericalshell.Thenaturalfrequencyof sucha pres-
surereceiverdependsuponitsdepthratiojustasthatofa flatdia-
phra~ dependsuponitsthiclmessratio.At 50,000cyclespersecond
therequireddepthratioisabout1/20fora steeldiaphra~ofl/2-inch
di&meter.Thisissufficientlyshallowsothatitmaybe consideredto
be flushmountedformostpracticalpurposes.Inthistypeofreceiver,
thenaturalfrequencyisindependentofthediaphra~thiclmesswhich
meansthatthemassperunitareacanbereducedbymakingthediaphra~
thinner,thusincreasingsensitivitywithoutsacrificingdynamicerror.
Further,forthesphericaldiaphra~,theratioof effectivemasstotrue
massisaboutone-fourthofthatfortheflatdiaphragn.Alsobecauseof
thesphericalshape,thesphericaldiaphra~willwithstand12timesthe
allowablepressurewhichmaybe appliedtotheccmq+rableflatdiaphraga.

Incertaintransducers,diaphragmmotionmries a gaptothelength
ofwhichthesensitivityisinverselyproportional.Ifdiaphragnmotion
isa linearfunctionofpressure,thetransduceroutputwillbenonlinear
withpressure.As shownb tableI,thesphericaldiaphra~motionin
responsetopressureisinverselyproportionaltothesquareofdiaphra~
depth.Thiseffecttendsto compensatefortransducernonlinearity,par-
ticularlyforshallowdiaphra~whichareusedwhenhighersensitivity
isrequired.

Likethesphericaldiaphra~,thecatenarytypeischaracterizedby
theefficientuseofstructuralmaterialtoachievehighperformance.
Itsnaturalfrequencydependsprimarilyuponthelengthofthesupporting
tube. Itseffective-massratioisratherhighbecauseoftheuseofa
supportingtubeinadditiontothediaphragu.Butitcanoutperformthe
flatdiaphra~overa widerangeofapplicationsbecauseitsnaturalfre-
quencyisindependentofdiaphragnthickness.Theoutstandingfeatureof
thistypeofpressurereceiveristhatitselasticm~ber is separated
fromtheseal. Inthefourothertypesdescribedeachisconstructedwith
a singleelmentwhichservesbothasthesealandtheelasticelanent.
Uhderthatconditiontheelasticelementisnecessarilyindirectcontact
withthemediumthepressureofwhichisbeingmeasured,andsopm-bakes “
ofthetemperaturechangesofthemedium.Inthecatensry+liaphra~-ty-pe
pressurereceiven?,thesupporttigtubeactsastheprincipalelastic
restrainingmaber. It isnotinclosethermalcontactwiththeenviron-
mentandconsequentlyisstijectto lessinterferencedueto temperature.

Inthestretched4iaphragntypeofpressurereceiv~jthediaphragm
issothinthatitcannotsustainbendingmomentsandhenceistreatedas
a membrane.Thenaturalfrequencyofthistypedepends-entirelyonthe
initialtensioninthediaphragn.ThuEtheupperlimitonnaturalfre-
quencyissetby theallowablestressinthediaphra~material..For
example,ifthemaximumallowablediaphragnstressis150,000poundsper
squareinch,thenaturalfrequencyislessthanone-fifthofthenatural

———..——_ —.———— .— —
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frequencyattainableintheothertypesunderdiscussion.Nevertheless
a membranecanhavea naturalfrequencygreaterthanthatofa flatdia-
phragmofthesanethickness.Withregardtomassperunitarea,the
stretchedmenibraneiscomparablewiththesphericaldiaphra~.Thesetwo -
typeshavecmparableperformanceexceptthatthemembranetypeis
restrictedto lowerfrequencies.Alsotheallowablepressurefora mem-
branedecreaseswithincreasingnaturalfrequency.Finally,themembrane
isverysusceptibletotemp~aturechanges~sincesuchchanges‘alterthe
diaphragmtensionandhencethesensitive@.

In summary,thefollowinggeneral.remarksmaybemadeaboutthefore-
goingtypesofpressurereceiv~s.!Cheflat-diaphragmtypeleadsthe
othersinSiI@iCi@. Thespherical-diaphragutypeexcelsindynsmic
performance.Thecatensry-diaphra~desi~ isleastaffectedby temper-
aturechanges.b thefollowingsections,thedesignsofpressureindi-
catorsbasedonthese@nciples aredescribed.

SPIE3RICAL-DIAPHRAG14INDICATORWITHCAPACITIVETRANSDUCER

Sticethespherical-diapbr@nwe of’pressurereceiverhasthe
bestdynsmiccharacteristics,itiswellsuitedforveryhighfrequency
pressuremeasurementssuchasareassociatedwiththeoperationofhigh-
speedturbineblades.tifigure1 thesensitivi~ofsucha pressure
receiveriscomparedwiththatofa flat-diaphra~typewhichhashitherto
beencomrnodyusedforthispurpose.Inthehigh-frequencyrangethe
advantageinusingthesphericaldiaphragmdesignisobvious;forexample,
at 100,000cyclespersecondthesensitivityofthesphericaldiaphragm
isabout50timesas greatasthatoftheflatdiaphragu.Figure1 is
basedon steel
isa perfectly
requireditis
O.000~ inch.

Figures2

diaphra~ 0.001inchthick.Inthesphericalshapethis
reasonablethickness.Infact,if~eatm sensitivityis
qpitefeasibletomakea sphericaldiaphragmas thinas

and3 showa spherical-diaphra~&pe of indicatorhaving—
a variable-capacitytransduc=.Inthem-8del-con8-&ucteda 5/16-inch--
diameterdiaphragmistheWOundelectrode.Thefixedelectrodeis
sphericallyshapedtomatchthecurvatureofthediaphra$guandisspaced
witha O.002-inchnormalah gap. Diaphragmdeflectionduetopressure
changesthecapaci~oftheairgap,whichisdetectedbymeansofhigh-
frequencycircuitryutilizingeitherfrequencymodulationoramplitude
modulation.Theassociatedelectronicequipnentwhichwasusedisof
thede~i~ oftheGeneralMotorsResesrchCorporationemployinga tuned
circuitof400kilocyclespersecond(ref.2). Thestaticcalibration
curveforthisindicatorisshowninfigure4. Othercharacteristics
arelistedintableII.

—
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HIGH-RESOLVING-POWERPRESSUREINDICM’O.R

WITHSTRAIN-GAGE‘I!RANSDm

A pressuretidicatoremployinga catenarydiaphragnandstiati-gage
transducerwasdescribedbyDraperandLi (ref.1). Thisindicatorhas
outstandingover-allperformanceandinparticularitssusceptibilityto
tempaaturechangeisverysmall.Forthisreasonitisparticularlyuse-
ful inpressuremeasurementsassociatedwithvarioustypesofpowerplants.
Theconstructionoftheoriginalindicatorisshowninfigure5 inwhich
thecatenarydiaphragmissuppcmted%y a straintube. Twostiain-gage
windingsme ,bondedtothesurfaceofthetubeinordertomeaswethe
changeinstratiofthetubewhenpressureisappliedtothediaphragm.
Theprincipalreasonfortheexcellenttemp=aturebehaviorofthistidi-
catoristhatthestraintuberepresentsthemajorpartofthetotal
elasticrestraintud isprotectedfhxulargeenvironmentaltempwature
changesby a supplyofcoolingair. Thismaintainstheeksticiw constant
andhencethesensitivitynearlyconstant.Also,sincethediaphragmis
muchmoreflexiblethanthestrainttie,differentialthermal-expansion
effectsforvariouspartsoftheindicatorare~eatlyreduced.And
~inally,withrespecttothetransduc=,theuseoftwostrain-gage
windingsinclosethamalcontactandconnectedasadjacentbridgearms
largelyclimatestemperatureeffect.Thenaturalfrequencyoftheindi-
catorisgreat=thsm45,000cyclespersecondandmaybe increasedif
necessaryto 100,000cyclespersecond.

‘DEoriginalindicatoras shownh figure5 is inadequateforluw-
pressuremeasurements”.Theresolvingpower,determinedby amplifim
noise,isnobett-erthan1/2poundpersquareinchwhena steelstrain
tubeisusedwitha l/2-inchdiaphragn.Thismaybe reducedtoabout
1/4poundpersquareinchby useofanal-m-alloy straintube,bti
eventhisis~equate foruseinconnectionwithluw-pressurefluctu-
ations.Forthisreasontheoriginaldesignwasmodified.

Figures6 and7 shuwa catenary-diaphragystrain-gagepressure
receiverforlow-pressureuse. Thisindicatorretainsmostofthehigh-
frequencyperformanceoftheorighaldesignbuthasincreasedresol~
powerby a factorof10. Inthisdesignthestraintubeisomittedand
replacedby annbondedstraingageformedintheshapeofa ribbonwith
tWOtidings. A longitudinalwindingservesasthepressure-measuring
gageanda transversewindingisusedfort=peraturecompensation.The
longitudinalwindingisattachedtothediaphragmbymeansofa U-shaped
hook.

Witha diaphragnthiclmessoftheorderof0.0005to 0.001inch,the
diaphra~stiffnessistoolowtomaintaintensioninthelongitudinal
straingageortowithstandpressureappliedtothediaphragn.Forthis

.-. — .-. . —— —.— —
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reason,a backpressureofabout40poundspersquareinchismaintained
behindthediaphra~.5s backpressuremaintainsthelongitudinal
straingagewindingunderhighinitialtension,whichisreducedaspres-
sureisappliedtothediaphrapy.Inapplicationswherehigh-frequency
performanceislesscritical,a heavierdiaphra~maybe used. Ifa
diaphra~thicknessof0.003inchisusedthediaphra@nbecomessuffi-
cientlystrongtomakeunnecessarytheuseofbackpressure.Inthis
instance,however,thediaphra~contributespat oftheelasticrestraint
of thepressurereceive,whichincreasesthesensitivityoftheindicatm
totemperature.

Staticcalibrationcurvesfora 5/16-inch-diameterindicatorandfor
a l/2-inchindicatorareshowninfigure8. Thesearebothofthethin-
diaphragntypewithbackpressure.Othercharacteristicsoftheseindic-
atorsandofa stifferdiaphragn_@pearegivenh tableIII.

MINMTWE PRESSUREPICKUPWITHIMRIUM-TITANATETRANSDUCER

Inthemeasurementofvaryingpressuresassociatedwitha high-speed
wind-tunnelmodel,theprimaryrequirementplacedonthepickupelement t,
isthatitbe of smallsizeandflush-mounted.Alsoofmajorhportance
isa modmatel.yhighnaturalfrequencysoas torenderit insensitiveto
accelerationeffects. ,’

Tofulfilltheserequirementsa circularpressurepickupwiththe
dismeterrangingfrom5/16to 1/2inchanda thiclmessof lessthan
3/32inchwasdeveloped.Figme 9 showstheconstructionofthisunit.
Thepickupconsistsofa metalcasewitha flatdiaphragmasan integral
part. A diskofbariumtitamateismountedontheinnersurfaceofthe
diaphragn,suchthatwhenpressureisappliedto thediaphragncausing
itto deflect,theceramicsheetisstretched.Whenproperlypolarized,
theceramicelementexhibitsa pronouncedpiezoelectricphenomenonand
producesa chargeacrossthesurfacesofthesheet.An electrodeoneach
surfacecollectsthechargeandgivesan electricaloutputsignalcorre-
spondingtothestrainproducedinthecersmicby thepressure.

Thegeneralarrangementofthebutton-sizedpressureindicatoris
shownby figure10. Installationofthisunitintoa seatofa modelis
achievedwiththeuseofa corrugatedsteelri,bbon.Theseatisslightly
largerthanthepickup,sothatan annulargapismaintainedbetweenthem.
Theribbonisthenfittedintothegap. Becauseof itscorrugationa
certainamountofradialforceiscreatedsroundthegaptoprovideenough
frictiontoholdthepickupinplace.Inadditionto thissomewaxmay
be usedto smesxaroundthegapto improvethesealandprovidenecessary -
fairing.

—
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.

Theperformanceofthebutton-sizedindicatorissmmarizedin
tableIV.

A pressurepickupofthisdesi~ canproducelargeelectricalsignals
withoutexcitation.Usinga vacuum-tubevoltmet=,200millivoltsof out-
putperpoundpersquareinchofpressurecanbe obtained.Thisdevice
has,however,twomajordrawbacks:E$rlmemesensitivitytotemp=ature
changesandpoorlow-frequencyresponse.Thelatterdifficultyisdueto
current”leakagethroughthecapacitanceof’thepickuportheinputstage
oftheindicatingsystem.“Toovercomethesedifficultiestwoschemesare
adoptedasdescribedbelow.

TemperatureCompensation
.

Figure11showsan exa~eratedsectionslviewofthediaphragm-ceramic
assemblyunderpressure.Thediaphra~modulusofelasticityisapproxi-
matelyfourtimeshigherthanthatoftheceramicandthereforecarriesa
largershareoftheload. Thisresultsinthedeflectionoftheassembly
beingprimarilydeterminedby thecharacteristicsofthemetaldiaphra~.
Thediaphr~ isan integralpartoftherimwhichisrelativelyrigidso
thatthediaphragnbehavesasa diaphra~withclsmpededge.When
deflected,thecenterportionofthelowersurfaceofthediaphragnis in
tensionandtheareaneartherimisincompressionas showninthefig-
ure. Toutilizethisclifference instraintheelectrodeontheceramic
isdividedintotwoconcentricsectionsandthesectionspolarizedwith
oppositeorientation.Sincethestrainisalsoofoppositesign,the
chsrgescollectedon eachsectionoftheelectrodeareofthesamesign
whena pressureisappliedtothediaphr~. Howevff,whena c~ge ti
temperatureisintroduced,thechargeproducedin.eachsectionwouldbe
ofoppositesignbecauseofthereversedorientation.Properapportioning
ofthesectionareasresultsina gainofabout~ percentinpressure
signalanda reductionby a factorof10 intemperatureeffectoverthat
obtainedfortheundivided-electrodetype.

Low-Frequency-ResponseCompensation

Thepoorlow-frequencyresponseofthebarium-titamatepressure
pickupisbecauseoftheleakageoftheceramicelementandtheinpti
stageoftheamplifi~.In general,leakageisassociatedwitha poten-
tialdifference.Forthisreason,ifthechargeisremovedfromthe
ceramicelementas soonas itisproducedto allownovoltagebuildup,
thereshallbe no leakage.Usingthisprinciple,a c~c~t ~th a feed-
backloopisconstructedas shownintheschematicdiagramoffigure12
(seeref.3). Assuningthatthegainofthesmplifi=isinfinite,then
theinputofthisamplifierisnotchsmgeablewiththefeedbackeffect
ofcondenserC2“ Underthesecircumstancesanychsrgeproducedby

..—. . .. ..._— — -—— —— —..——— .—
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condensa c1
a high-quality

.
wouldbe transferredto condens= C2. Condenserc2 is
condenswwitha verylowleakage.Whena chargeistrans-

fmed to condens= C2 thereisa correspondingchangeofpotentialat
theoutputstageoftheamplifier.Thisoutputvoltagebecomesthesig-
nalofthepressureindicator.

Figure13showsthecircuitforperformingthefunctiondescribed
intheschmaticdiagramoffigure12. Theamplifierofthiscticuit
consistsofonesingle-stageamplifieranda cathodefollower.The
cathodeoftheamplifieristiedto thecathodeofthecathodefollower
toachievea regenerativefeedback.~PrOp- adjustingoftheregener-
ativecircuit,thegainoftheamplifiercanbe boostedfarbeyondthe
gainofa two-stageamplifi=.Inthepresentarrangaentwithonlytwo
tubes,itcombinesthethreedesiredfeaturessuchas (1)a highgain,
(2)an inversesimplification,and(3)a lowoutputtipedance.

Under,idealoperatingconditiona schemeas showninfigures12
and13 should-notreceiveanyelectricalchargeattheinputexceptthat
fromthepickup.Inpractice,however,straychargesmaybe received
fkomsourcesotherthanthepickupfrcmthe to time. Thelargestsource
of straychargescomesfromtheinputgridoftheamplifier.Ifthegrid
hassufficientnegativebias,thisundesirableflowofchargemaybe
reducedconsiderably.Stabilizationoftheheatervoltagealsohelpsto
bringdownthedrift- effectdueto gridleakage.Toremovetinelast
bitofdrifta sacrificeofthedtiect-cumentresponseisnecessary.
Inthecircuitoffigure13a resistorof100megacyclesisusedto clamp
theoutputsignalwithrespecttotheinput.Whenthisresistoris
broughtintothecircuitthefrequencyresponseshowsa declinebelow
1/2cyclepersecond;buttheaverageoutputlevelbecomesquitestable.
Thesensitivi~ofthesystem,”.withtitheflat-frequency-responserange,
isnotaffectedby theuseofthisresistor.Forthisreasonit ispossi-
bletomskestaticcalibrationwithouttheresistorandmakedynamicmeas-
urementwiththeresistorinthecircuit.Theoutputbiasvoltagepro-
videdby thebatteryandpotentialmetershowninthecircuitoffigure13
isusedtobringtheoutputlevelequalto groundlevelsothattheon-off
actionoftheresistwwouldriotdisturbthestableconditionofthe”cti-
cuitandat
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thessmetimepermitan easyhookupwithan

CALIBRATIONOFPRESSUREINDICATORSBYMEANS

indicatingsystem.

OFSHOCKTUEE

Generallyspeakhg,thedynsmicperformance ofa pressureindicatm
canbe representedby anequivalentsecond-ordersys%n. Sucha system
ischaracterizedby frequency-responsecurvesshowingamplitudeandphase .
angleorby thenumericalvaluesofthetwodynamicParsmet=s,natural
undampedfrequency,anddampingratio(ref.4). Frequency-responsecurves
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forvariousdampi@ratiossreshod infigure14 inthe
andphaseanglesagainstfrequencyratio,definedas the

15

formofamplitude
ratioof forced

frequencytonaturalundampedfrequen~(ref.5). Inordertoobtain
reliablefrequency-responsedataitisnecessaryto subjecttheindicator
to sinusoidalpressuresofknownmagnitudesoverthefrequencyrangeof
interest.Thisrangeshouldcoverallharmoniccomponentsofthepres-
mre fluctuationswhichtheindicatoristomeasue. Inthepresent
instancethiswouldrequirea sinusoidalpressuresourcecapableof
knownamplitudesoftheorderofa fewpoundspersquareinchoverthe
frequencyrangeO to 50,000cyclesPersecond.Sucha pressuresource
isunavailable,allproposedschemesthusfarconceivedrequiringa
dependabletidicator,heretoforeunavailable,fortheticalibration.
Thusdirectfrequency-responsetechniqued’oesnotappesrtobe suitable
fordynamic-calibrationpurposes. “

An alternativemethodfordeterminingthedynamicperformanceofsuch
a measuringdeviceisthetransientmethodinwhicha suddendisturbance,
usua~ a stepfunction,isappliedtothehstrument.Froman experi-
mentallyobtainedstep-f%nction-responsecurvethenatural.undampedfre-
quencyanddampingratioarereadilycalculatedwiththeaidoffigure15,
inwhichthedampingratioisfoundby measurementofthedecayof the
peaksoccurringintheoscillatoryresponse(ref.5). Frequency-response
curvesmaybe obtainedby performinga Fouriertransformationofthestep-
functionresponse.Moresimply,however,‘whenthenaturalundampedfre-
quencyanddampingratioaredeterminedfromthestep-functionresponse,
frequency-responsecurvesarereadilyobtainedbyuseoffigure14.

Thevalidi@offrequency-responsecurvesthusobtainedisbasedon
theassmptionthatthesystemparametersareconstmt. Iftheelastic
coefficient,undampednaturalfrequency,anddampingratioareconstant,
thisissufficientto satisfythisrequirement.Constancyoftheelastic
coefficientisvertiiedeasilyby staticcalibration.Constsmcyofdamping
ratiocanbe shownforan oscillatwytransientby choosingdifferenttom- ~
binationsofpeakamplitudes.Constancyofnaturalfrequencymaybe
checkeddirectlyby ttie-titerwlmeasurementsonthetransientresponse
record.Forthepressurereceiversdescribedinthispaperthesecondi-
tionsofconstancyarewellfulfilled,maktigfeasibletheuseofthe
transientschemefora satisfactorydynamiccalibration.

Tomakea transientstudyofa pressureindicator,a stepwisepres-
surefunctionofknownintensi~maybe convenientlyproducedby meansof
a shocktube(refs.6 and7). Figure16 showsthearrangementofa smald
shocktubedesignedfordynamiccalibrationofhigh-frequencypressure
indicators.Itconsistsofa compressionchanibershownat theleftand
an expansionchanibershownat theright.Thesetwochamberssreseparated
by a cellophlmemembrane.Thethiclmessof themembraneisselectedso*
itwillbe juststrongenoughtotithstandthepressuredifferencebetween
thetwochambers.Insidethecompressionchaniber,a sharp-pointedpinis

-. -——— --——--—- -——— —_—_— — ——— . . —
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mounted.Thispinextendstothe
“franwhereitmaybe triggeredto
thisisdone,themembranebursts
pressuredifference.bmediatel.y

NACATN 3ti2

outsideofthecompressionchsmbm,
piercethroughthemembrane.When
intohundredsofpiecesbecauseofthe
aftertheburstofthemembramethe

gasfranthehigh-presstiechamb~rushesintotheexpansionchamberand
compressesthegasinfrontof it. A shock-wavef!rontformsasthepres-
surewavepropagatesintothelow-pressurechambm. Whentheshockwave
reachestheendofthetube,itisreflectedaccordingtoa well-known
law. Asthereflectedshockwavepassesbackoverthemovfnggas,it
bringsthegastorestata pressurehigherthanthatfollowingthe
originalshock.

Figure17 showstheinstantaneouspressuredistributioninsidethe
shockttieatvariousttieintervalsaftertheburstofthemembrane.
Inthediagramto,theinitialconditionwith p2 inthecompression
ehsmberand p. intheexpansionchmiberisshown.At tl)a shockwave
front s witha pressurepl isshownpropagatingtowardthe~nsion

chamb=. Thedottedline c behindthewavefrontisusedto indicate
theboundaryofthegasesthatoriginatedfim thetwochsmbers.Because
thegastotherightofthedottedline c hasbeencompressedfroma
luwerpressureandthegastotheleftofthislineundergoesan expansion
froma higherpressure,a temperaturegradientexistsacrossthisline.

Whiletheshockwaveispropagatingtowardtheexpansionchambera ,.
rarefactionwaveispropagatingtowardthecompressionchsmber.Unlike
theshockwave,thepressurechangeintherarefactiontakesplacevery
slowly.Theleadingedgeofthiswaveisdesignatedby R. Gasisaccel-
eratedtowardtheexpansionchamberintherarefactionwavebetweenR
and F andreachesa constsntveloci~betweenF and S.

Indiagramt2,a reflectedshockwaveisformedwitha strengthOf

P3●
Thisreflectedshockisshownpropagatingtowardthecompression

chamber,whiletherarefactionwaveisreflectedfromthecanpression-
chsmberendwall. Inthenextthreediagrams,thereflectedrarefaction
waveproceeds’”towardtherightwhilethereflectedshockwavepropagates
towardtheleft.Duringthisentireintmvalthepressureatthesurface
oftheexpansion-chamberendwallremainsat p

3
untilthearrivalof

therarefactiofiwaveshownindiagrsmt6. Thereafterthepressurewould
decreasegraduall~.

Intransientstudyofa pressureindicator,theindicatormaybe
convenientlyinstalledontheexpansion-chsmbmendwalJ. Figure18
showsthepressurevariationattheexpansion-chambmendwallplotted
asa functionoftime. Theimportantpointoftheplotistheexistence “
ofa shsxpstepfunctionatthemomentofthearrivaloftheshockwave.

u
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At thismomentpressurechanges

to thereflected-wavepressure

17

fromtheexpansion-chamberpressurep.

pX withoutrealizingtheoriginal-shock-
wavepressurepl. Anotherimpor<antpointistheconstant-pr%sure
intervalaftertheinitialstepfunction.

Theusefulnessofa shocktubeasa step-functiongeqeratorfor
transientstudyofa pressureindicatordepends
thefollowingcharacteristics:

(a)A pressurerisettiemuchshorterthan
indicator

upontherealizationof

thenaturalperiodofthe

(b)A constant-presmiredurationlongerthan10ttiesthenatural
periodofthetidicator

(c)A lmownamountofpressurechange

(d)A mininnmsmountof interference

RiseTimeofShock-WaveFunction

Thepressurerisetimeacrossa shockfrontisequaltothethickness
oftheshockwavedividedby itsspeed.Accordingtokinetictheoryof
gas,thethicknessofthewavefrontisequaltoa fewmeamfreepathsof
thegasmolecules.Inroomtemperaturethisthiclmessisoftheorderof
0.0001inch.Assumethattheshockspeedisoftheneighborhoodofroom
temperatesoundspeedofair. Thenthepressure-risetimeofa normal
shockislessthan10_8second,whichismuchshorterthanthenatural
periodofanyindicator.Inthecaseofa reflectedshock,thepressure-
risetimeisaffectedby theimperfectionofthesurfaceattheendwall.
Assumingthattheimperfectionbs
risetimeis10-6second,whichis
naturalp=iod oftheindicator.

Durationof

a depthof 1/100inch,thenthepressure
stillconsidaablyshorterthanthe

ReflectedShock

Thedurationoftheconstanthighpressureofthereflectedshock
maybe ccmputedfromthespeedoftheshockwave,thespeedoftherare-
factionwaves,andthechamberlengthsaccordingtoa fairlyinvolved
relationship.Inthecalibrationoftheindicatorsitisfound,however,
thata simpleauptiicalformulaas shownbelowissufficient.

(7)

. ..-.———-.-— ——--— — —-— —. _ —— ——————— ———
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where

%3 timeintervalofreflectedshockatpressurep)

L lengthofcompressionchamber

a. undisturbedsoundspeedofgas

Forinstance,whenheliunisusedwitha 2-footcompressionchamber,the
high-pressuredurationisapproxtitel.y0.0012second.Usethessmecom-
pressionchamberwithairasthemediumanditwouldyielda high-pressure
durationofapproximately0.0035second.I!oththesefiguresaresuffi-
cientfortestingindicatorswitha naturalfrequencyabove10,000cycles
persecond.

MagnitudeofReflectedShockWave

VonNeummn (ref.8)hasshownthatthepressureofthereflected
shockp

3
maybe computedfromthepressureratio .Ejofthena’mal

shock:

(8) ‘“

where

E ‘0=—
PI

Forah 7 .1.4 and ~.6 andforheliwny = 1.63 and q=4.15.

Thevalueof 5 maybe obtatiedfromtheinitialpressureratio
po/p2 ofthetwochambers.

_—
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where a. istheundisturbedsoundspeedandsubscripts
indicate
chamber,
equation

parameterspertainingto compressionchaniberand
respective~.WhentheSam-gasisusedin
(9)reducesto

each

P.

[ 1

-‘f&l
—=~l -
P2

f*

Forairwhere q = 6

:= f-,-]’
andforheliumwhere ~ = 4.15

P.

[v

1 -E

1

5.15
—=g. l-
P2 5.i5~(4.15+ E)

Equations(8),(n), and(12)areusefultofind
theknownpressuredifferenceofthetwochambersand
appliedtotheindicator.Theresultsofustigthese
h figure190

the
the

(9)

c and e
expansion
chamber,

(lo)

(n)

(M?)

relationbetween
stepfunction

equationsareshown

InterferenceinShockWave

case,a purestepfunctionisrequiredto calibratethe
necessitatesthegenerationofa trueplaneshockwave
reflectedwave. Anydeviationfromtheseconditionspro-

Inan ideal
indicator.This
anda trueplane
ducesinterferences.Inpractice,a trueplanewavecannotbe formed
immediatelyaftertheshatteringofthemembranebecausethemembranedoes
notdustdisappearinan inftiitesimalperiodoftime.However,asthe
shockispropagatingtowardtheexpansionchmnberithasthetendencyto
forma stableplanewave. Thisrequiresthe andthereforea longs
e~ion chamberprovidesa cleanershock.Jnexpertientingwithtidi-
catorsina 2-inchshocktubeithasbeenfoundthattheminimumlength
oftheexpansionchsmberisabout4 feetwhenhelim isusedand6 feet
whenairisused.

. .. ———--.—- ,— _—. —— ———. ..—___ .—
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& forthegenerationofa planereflectionwave,thecontrolling
factoristheperfectionoftheexpansion-chsmberendwall. To geta
goodresultthewallshouldbe perpendiculartothecenterltieofthe
tubewithin1 or2 thousandthsofan inch.Thecornerbetweentheend
wallandthesidewallshouldbe squareandwithoutappreciableopen
seam.Thesurfaceoftheendwallandtheadjacentsidewallshouldbe
madewithreasonablygoodfinish.Aboveall,whentheindicatoris
assembledinthe
innersurfaceof
pickupishighly
tofilltheseam
sealingwax.

end&ll thepressurereceivershouldbe flushwiththe
theendwall. A cavityora protrusionformedby the
objectionable.To obtainthebestresultitisadvisable
aroundtheendofthethreadedportionofthepickupwith

Forindicatorswhicharerelativelysensitivetovibrationeffect
anothertypeof interferencecalledthe“groundshockttmaybe noticed.
Groundshockistheshockwavethatistransmittedthroughthesidewall
oftheexpansionchamber.Thistypeof interferenceusuallyprecedesthe
gasshockwavebecausesoundspeedofthechamberwallisfasterthanthe
soundspeedof gas. Ifgroundshockbecomesobjectionableitmaybe
eliminatedbymountingthepickuponarubberendwall.

TESTRESULTS

Thetransientresponserecordofa pressureindicatormaybe obtained
witha cathode-rayoscilloscopeanda high-film-speedcamera.Ingeneral,
a drum-typecam=awouldbemostsatisfactoryforthispurpose.However,
becauseof itsavailabili~,a stripfilmcamerawitha filmspeedof
400inchespersecondwasusedinthetest.

Twomethodswereusedto coordinatethesignalwithtimereference.
Inthefirstmethcdthepressuresignalaxiswasarrangedperpendicular
to thefilmtravelaxis. Theresultisrecordedwithtimeasthehori-
zontalaxis. Inthesecondmethodthefilmwasdriveninthesamedirec-
tionastheaxisofthepressuresignalwhilea horizontalsaw-toothsweep
functionwasapplied.Inthismethcdthepressure-timediagramisdis-
tortedandcutintosections,butat thesametimeisexpandedtoallow
accuratecountoftheoscillations.

Figure20 showsthetransientresponseofa high-pressurestrain-gage
indicatorobtainedby thefirstrecordingmethod.Inthisdiagramthe
envelopeoftheoscillationisclearlyshown.Figure21 showsthetran-
sientresponseofthesameindicatorobtainedby thesecondrecording
methodwith2,000-cycle-per-secondsweepfrequency.Thereare24 oscil-
lationsto eachsweepwhichyieldsa naturalfrequencyof48,OOOcycles
persecond.Thedampingratiooftheinstrumentcanbe estimatedfrom
theexponentialenvelopeoftheoscillationsshowninbothfigures.For
thisindicatorthedampingratioisabout0.035. 1,
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Figure22 givesthetransientresponseofa low-pressure-typestrain-
gageindicator.Thisfigureshowsa naturalfreqyencyof21,000cycles
persecondplusa beatfrequency.Thecauseofthisbeateffectisnot
exactlyknown.

Figure23 showsthetransientresponseofa 5/16-inchspherical-
diapbra~indicator.

Figure24 showstheexpandedrecordofthesameindicator.The
naturalfrequencyofthisindicatorisabout60,000cyclespersecond.
There~tivelyslowriseinpressuresignalmaybepartiallydueto the
curvatureofthediaphragmandpartiallyduetotheelectronicsystem.

Figure25 showsthetransientresponseoftheelectronicsystemof
thisindicator.1 Jnthisfigurea timedelayisalsoshownandthe
responsecurveisquitesimilarto thatoffigure24. ~s indicates
theperformanceofthesphericaldiaphragmisapproachingthatofthe
electroniccircuit.Abettercircuitisrequiredto explorefullythe
performanceofthispickup.

l?igure26showsthetransientresponseofa l/2-inchflat-diaphragm
indicatorwitha sensitivi~ofthesameorderofthe5/16-inchspherical-
diapbrqgntidicator.Inthisfigurethenaturalfrequencyoftheflat
diaphragmisshownasaround12,000cyclespersecondor one-fifththat
of thesphericaldiaphra~.Thetransientismamytimeslargerthanthat
showninfigure24andso isthe~ound shock.A comparisonbetweenfig-
ures24and26 clearlydemonstratestheadvantageofusinga spherical
diaphragminstehdofa flatdiaphragn.

CONCLUDINGREMARKS

Theeffectivemassperunitareaandtheinterferencelevelofa
pressurereceiv~determinetheover-allperformanceofa pressureindi-
cator.Toreducethemass,itisnecessarytouseam efficientstructural
design.A dome-shapedor sphericaldiaphragnisshowntobe superiorto
a flatdiaphra~inthisrespect.Theinterferencesofa pressureindi-
catormaybe classifiedintoseveralcategories.Thedome-shapeddiaphra~
isthebestfromthestandpointofvibrationinterference.Catenarydia-
phra~ haveverysmall.temperatureinterferencesandarealsoreasonably
insensitivetovibration.

%ntestingtransientresponseoftheelectronicsystem,anadditional
capacitorissrrangedina cticuitparallelwiththecapacitanceofthe
indicator.Thesizeofthiscapacitanceisequivalenttothechangeof
capacitsmceoftheMicator undertestpressure.Theleadwireofthis
parallelcapacitormaybe shearedofftoproducethedesirabletransient
test.

.—

. ..— .-—. ———-.._ ——..- . ——. .—. —
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1

ofthemechanical-electricaltransducers,thewe s~a~ gageleads
insimplicity.Thecapacitancetypeismoreversatilebecauseitpermits
theuseofveryhighfrequencycarriersystemsandtherebycutsdownthe o
effectiveinterferenceintheelectronicsystem.Bariumtitanateproduces
largesignalswithoutexcitationandresultsincompactdesign.Barium
titanatecanonlybe usedfordynsmicmeasurementwhentemperaturevaria-
tionsareslight.

Sinceno instrumenthasanall-roundperformance,it issometties
necessarytowe severalmethodstomake

?&ssachusettsInstituteofTechnology,
Cambridge,Mass.,October10,1=2.

onetypeofpressuremeasurement.
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TABLE I.-massmm-mmmm cwmcmusmcs

pt. Obtaindfromrefs.9 to 12. ~, naturalfrequency;A, speedof BOunainreceiver

material;~, effectivemassofreceiver;rn~tow HMS of receiver; Ej mdulu.a of

elasticl@; h, thickness of receiver; y, depth of sphericaldiaphragm; e, tension
per unit length; Um, mimum eJlowable stres~) 2, length of strain tube; ~,

maximum allowable pressur~
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TABLXII.- PEWOMANCECHARACTERIS!lZCSOFA SPHERICAL-DIXPHRAGM

INDICATORWITHCAPACITIVETRANSDUCER

Maxhumpressure,lb/sqin... . . . . . . . . . . . . . . . ml
Minimumdetectablepress~e,in. O . . . . . . . . . . . .

7
1

Naturalfrequency(fromshocktube
Cps. ... . . . . . . . . . ..*.....**** ● .00 60,000

Diaphra~dismeter,in... . . . . . . . . . . . . . . . . . 5/16
Depthratio . . . . . . . . . ... . . . . . . . . . . . . . 1/30
Zeroshift,lb/sqti./°F . . . . . . . . . . . . . . . . . . 1/10

—— —

TABLEIII.- PEWORWNCXCHARACTERISTICSOFLOW-FRESSIEUZ

STRAIN-GAGE-TTFTilPRESSUREINDICNCORS

Diaphra~diameter,in. ... . . .~. .
Diaphra~thickness,in.. . . . . . .
Ikckpresfiure,lb/sqin.gage . . . .
Maximum
Natural
Mintium

pressure,lb/sqin.gage. . .
frequency,cps . . . . . . .
detectablepressure,in.H20 .

.

.

.

.

.

.

.
●

✎

✎

✎

✎

IZero shiftwithtemperature,lb/sqin./%

.

.

.

.

.

.

.

.

.

.

.

.

.

●

.

.

.

.

.

.

.

5/~6
0.001

40
30

20,000
1

0.005

5/16
0.003

3:
L5,000

0.5
0.021l/2

0.002
ko
30

15,000
0.5

0.005

.

— ————.
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TABEEIv. - ERFOMANCEOF13U’ITON-SIZHDEARIUM—TTMNNTE

PRESSURElllDICILl!OR

Diaphra~diameter,in.... . . . . . . . . . . . . . . . . . 1/2
Ratedpressure,Ib/t3qin..=. . . . . . . . . . . . . . . . . . 50
Naturalfrequency,cps. . . . . . . ... . . . . . . . . . . 15,000
Minimumdetectablepressure,in.H20 . . . . . . . . . . . . . 0.02
Zeroshift,lb/sqi.n./%F . . . . . . . . . . . . . . . . . . . 1/10

*

1+
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Figure1.-Performanceofsphericaldiaphragmas comparedwiththatof
flatdiaphragm.
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Figure 2.- %miBchematic section view of a spherical diaphm@n varlable-

capacitmce-type pressure Mlcator.
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L-802Ju
Figure3.- Photographshowing5/16-inchspherical-diaphragmpressure“

indicatorwithpressurerange of O to 30poundspersquareinch
anda no- frequencyof67,000cyclespersecond.
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PRESSURE CHANGE, CM Of MERCURY

Figure k.- Static calibration of 5/16-inch spherical-diaphr~ variable-

capacitance indicator.
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